Introduction
Insect mitochondrial genomes (mitogenomes) are normally circular, 16 kb in length, and include 13 protein-coding genes (PCGs) used for energy production, as well as 22 tRNAs and 2 rRNAs [1] . Additionally, it contains at least one sequence of variable length known in insect mitochondrial DNA (mtDNA) as the A þ T-rich region (or control region, CR), which contains initiation sites for transcription and replication [2] . The mitogenome has been considered useful for comparative and evolutionary genomics, molecular evolution, phylogenetics, and population genetics [1] . Although the gene content of the metazoan mitogenome is highly conserved, specific characteristics vary among different insects, e.g. variable length of A þ T-rich CR, different number of tRNA genes, and variable organization of genes. In all lepidopterans sequenced to date, the mitogenome trnM is located between the CR and trnI, following the arrangement CR-M-I-Q, which is different from the ancestral type [3] .
To date, the complete or near-complete mitogenomes have been sequenced from 108 hexapod species, including 25 flies, 12 moths (1 butterfly and 11 moths), 11 bugs (6 whiteflies, 1 aphid, 1 psyllid, and 3 other bugs), 15 grasshoppers (8 grasshoppers and 7 crickets), 9 springtails, 7 beetles, 4 wasps (3 bees and 1 other wasp), 4 termites, 3 lice, 1 mantid, 1 roach, 1 booklouse, 1 thrip, 1 stonefly, and 13 others (http://www.ncbi.nlm.nih.gov). Within Lepidoptera, 12 complete or near-complete mitogenomes have been sequenced, including: 6 species of Bombyx mori [4] , Bombyx mandarina [4, 5] , Manduca sexta [3] , Antheraea pernyi [6] , Antheraea yamamai [7] , and Caligula boisduvalii [8] belonging to the superfamily Bombycoidea; 2 species of Ostrinia furnacalis and Ostrinia nubilalis belonging to the superfamily Pyraloidea [9] ; 1 species belonging to the superfamily Tortricoidea, Adoxophyes honmai [10] ; 1 species belonging to the superfamily Notodontidae, Ochrogaster lunifer [11] ; 1 species of Phthonandria atrilineata belonging to the superfamily Geometridae [12] ; and 1 species of Coreana raphaelis belonging to the superfamily Papilionoidea [13] . This study extends the description of the complete mitogenome of Artogeia melete, another member of superfamily Papilionoidea. The cabbage butterfly, A. melete, is a serious pest of crucifers, undergoing summer and winter diapause as a pupa, and is widely distributed in China, Korea, and Japan [14] .
In the present study, we sequenced the complete sequence of mitogenome of A. melete. The gene order, the nucleotide composition of PCGs, the secondary structures of tRNA genes, and the CR of the mitogenome of A. melete were analyzed and compared with other lepidopteran sequences.
Materials and Methods

DNA samples extraction
Larvae of A. melete were collected from Jiangxi Province of China. Total DNA was isolated from single specimens using the TaKaRa Genomic DNA extraction kit (Dalian, China) according to the manufacturer's instructions, and the DNA of a single larva was used for amplification of the fragments of the complete mitogenome.
Primers designing, PCR amplification, and sequencing To amplify the whole mitogenome of A. melete, 20 primers (Table 1) were synthesized (Sangon Biotechnology, Shanghai, China). The 16SAA and 16SBB primers were designed followed the description by Hwang et al. [15] . The other degenerate and specific primers were designed based on the conserved nucleotide sequences of the known mitochondrial sequences in Lepidoptera [3 -6,9,10,13] or the known sequences of fragments of the mitogenome of A. melete that were previously sequenced by our lab.
According to the one-step PCR amplification of complete arthropod mitogenomes method [15] , primers 16SAA and 16SBB were used for amplification of the long fragment of the mitogenome, which was in turn used as a template to amplify the fragments of AM1 -8 and AM10. The conditions for amplification of the long fragment are as follows: an initial denaturation for 2 min at 968C, followed by 30 cycles of 10 s at 988C and 
TCADAAATGDAADGGDGCTGATCCTAT a Primers from Hwang et al. [15] .
10 min at 588C, and a subsequent 10-min final extension at 728C. The long PCR product was used as a template to amplify the overlapping fragments of AM1-8 and AM10 ( Table 1) . The fragments of AM1-10 that range from 1.1 to 3.1 kb ( Table 1) were amplified by PCR using TaKaRa LA Taq: an initial denaturation for 2 min at 968C, followed by 30 cycles of 10 s at 988C and 2 min at 588C, and a subsequent 10-min final extension at 728C. The above PCR products were separated by electrophoresis in a 1% agarose gel and purified using a DNA gel extraction kit (TaKaRa). The purified PCR products were ligated into T-vector (TaKaRa) and then transformed into XL1-blue competent bacteria according to the method of Wei et al. [16] . The positive recombinant clones with an insert were sequenced using the dideoxynucleotide chain termination method (TaKaRa) at least three times.
Sequence assembly and gene annotation
PCGs of the A. melete mitogenome were identified by sequence similarity with C. raphaelis [13] . Sequence annotation was performed using the DNAStar package (DNAStar Inc., Madison, WI, USA) and the online blast tools available through the NCBI web site [17] . The nucleotide sequences of PCGs were translated on the basis of invertebrate mtDNA genetic code. Alignments of the PCGs for each of the available lepidopteran mitogenomes were made in MEGA ver4.0 [18] . Identification of tRNA genes was verified using the program tRNAscan-SE. The potential stem-loop secondary structures within these tRNA gene sequences were calculated using the tRNAscan-SE Search Server available online (http://lowelab.ucsc.edu/tRNAscan-SE/) [19] . The secondary structures of tRNA genes that could not be predicted using the tRNAscan-SE were analyzed by comparison with the nucleotide sequences of other insect tRNA sequences [3, 4, [6] [7] [8] [9] [10] [11] [12] [13] . The tandem repeats in the CR were predicted using the Tandem Repeats Finder available online (http://tandem.bu.edu/trf/trf.html) [20] .
Results
Genome organization and base composition
The mitogenome of A. melete is a closed circular molecule of 15,140 bp ( Fig. 1) , shorter than the other known complete lepidopteran mitogenomes. The gene content is similar among insect mitogenomes containing 13 PCGs [cytochrome c oxidase subunits 1-3 (cox1-3), NADH dehydrogenase subunits 1-6 and 4L (nad1-6 and nad4L), cytochrome oxidase b (cob), ATP synthase subunits 6 and 8 genes (atp6 and atp8, respectively)], 22 tRNA genes (one for each amino acid and two for leucine and serine) ( Table 2 and Fig. 1 ), 2 mitochondrial small and large subunit ribosomal RNAs (rrnS and rrnL, respectively), and a major non-coding region known as the A þ T-rich region in insects. Although A. melete and C. raphaelis belong to the same superfamily of Papilionoidea, the C. raphaelis mitogenome contains one extra trnS1 (AGN) [13] ; there is no such extra tRNA in the A. melete mitogenome.
The placement of trnM in the A. melete mitogenome differs from the ancestral gene order of insects. The order on the A. melete strand is: A þ T-rich region, trnM, trnI, trnQ, and nad2 ( Table 2 and Fig. 1 ), which is identical to all sequenced lepidopteran mitogenomes, but different from the ancestral type: A þ T-rich region, trnI, trnQ, trnM, and nad2 [1] . The placement of trnM may be a molecular feature exclusive to lepidopteran mtDNAs [3] .
The A. melete mitogenome has a total of 119 bp in intergenic spacer sequences spread over 10 regions ( Table 1 ) ranging in sizes between 1 and 48 bp The abbreviations for the genes are as follows: cox1, cox2, and cox3 refer to the cytochrome oxidase subunits; cob refers to cytochrome b; and nad1-6 refers to NADH dehydrogenase components. tRNAs are denoted by one-letter symbols according to the IUPAC-IUB single-letter amino acid codes. Direction of gene transcription is indicated with an arrow.
( Table 2) , which is shorter than that of C. raphaelis (178 bp over 17 regions), O. lunifer (371 bp over 20 regions), and C. boisduvalii (194 bp over 16 regions), but longer than that of M. sexta (115 bp over 13 regions). The longest spacer sequence (48 bp) between the trnQ and nad2 genes is extremely rich in A þ T (93.75%). The A. melete mitogenome genes overlap in a total of 43 bp at 12 locations, with the longest two measuring 8 bp, located between trnW and trnC and nad4L and trnT.
Like other insect mtDNA sequences, the nucleotide composition of the A. melete mitogenome is also biased 
Protein-coding genes
The mitogenome of A. melete contains the full set of 13 PCGs that usually presented in animals and arranged along the genome according to the standard insect order. The start and stop codons of the 13 PCGs in the A. melete mitogenome are shown in Table 2 . Five PCGs share the start codon ATG (cox2, atp6, cox3, nad4, and cob), five genes start with ATT (nad2, atp8, nad3, nad5, and nad6), nad4L and nad1 genes start with ATA, and cox1 starts with CGA ( Table 1) . The unusual start codon of CGA for the cox1 gene is also present in O. lunifer, M. sexta, P. atrilineata, A. honmai, B. mandarina, and B. mori. The tetranucleotide TTAG is the putative start codon in C. raphaelis [13] , and the six-nucleotide TATTAG has been suggested as the putative start codon for O. nubilalis and O. furnacalis [9] . The cox1, cox2, nad2, and nad5 genes of the A. melete mitogenome have incomplete stop codons, which are known in other insect lepidopteran mitogenomes [3, [6] [7] [8] 11, 12] .
Transfer RNA and ribosomal RNA genes The A. melete mitogenome contains the typical set of 22 tRNA genes, interspersed between ribosomal RNAs and PCGs and ranging in sizes from 60 to 71 nucleotides. All A. melete tRNAs have the typical cloverleaf structure of mitochondrial tRNAs (Fig. 2) , except for the trnS1 (AGN), wherein the dihydrouridine arm forms a simple loop (Fig. 2) , as seen in many insect mitogenomes [6 -8,10,12,13] . The anticodons of A. melete tRNAs are all identical to their counterpart tRNAs of the sequenced lepidopterans [3 -13] . Like all other insect mitogenome sequences, two genes from rRNAs are present in A. melete. The rrnL is located between trnS2 (CUN) and trnV, and the length was determined to be 1319 bp with 83.60% A þ T content. Compared with other lepidopteran mitogenomes, the rrnL of A. melete was the shortest, but its A þ T content was comparable to those in others (other lepidopteran mitogenomes range from 81.56% in O. lunifer to 85.77% in P. atrilineata). The A. melete rrnS is located between trnV and the A þ T-rich region, which has 777-bp length and 85.46% A þ T content, within the range of other sequenced lepidopteran mitogenomes.
A 1 T-rich region
The A. melete A þ T-rich region is flanked on one side by rrnS and on the other by trnM [ Fig. 3(A) ]. This region contains 89.17% A þ T content and spans 351 bp (Table 3) , longer than that of the C. boisduvalii (330 bp), M. sexta (324 bp), A. yamamai (334 bp), or O. lunifer (319 bp), and shorter than that of C. raphaelis (375 bp), A. honmai (489 bp), B. mori (494 bp), A. pernyi (552 bp), or B. mandarina (747 bp). The A þ T content of this region is lower than that of other lepidopteran mitogenomes ( Table 3) .
Sequence analysis of the A. melete A þ T-rich region revealed that it contained some structures typical of other lepidopteran mitogenomes: (i) 18-bp downstream of the rrnS gene, there is a structure including the motif 'ATAGA' and 19-bp poly(T) stretch that is widely conserved in lepidopteran mitogenomes [ Fig. 3(A,B) ] and has been suggested as the origin of minority or lightstrand replication (ON). (ii) From location 15,020 to 15,047, there is a microsatellite (AT)n element, which is also found in other lepidopteran mitogenomes. (iii) A 9-bp poly(A) is found immediately upstream of trnM. This poly(T) (in the b-strand) element is a common feature of the A þ T-rich region in Lepidoptera that may be involved in controlling transcription and/or replication initiation or may have some other unknown function.
A duplicated 36-bp repeat element is present from 14,943 to 15,013 [ Fig. 3(A,C) ] consisting of a 26-bp core sequence flanked by 10-bp perfectly inverted sequences. The 36-bp repeat element can also be found in the CR of Artogeia napi [21] , but with only one copy and some mutations [ Fig. 3(C) ].
Discussion
Using the long PCR method, the complete nucleotide sequence of the mitogenome of A. melete was determined to be 15,140 bp, coding 13 putative proteins, 2 ribosomal RNAs, and 22 tRNAs genes. The gene arrangement is similar to that of other lepidopteran Table 3 mitogenome comparisons for Lepidoptera a In the 13 PCGs of mitogenome from 13 Lepidopteran insects, the A þ T content of atp8 gene is the highest. b In the 13 PCGs of mitogenome from 13 Lepidopteran insects, the A þ T content of cox1 gene is the lowest. c The available Ostrinia mitogenomes are incomplete, lacking the CR and part of the rnnS, precluding accurate calculations of whole genome statistics [9] .
mitogenomes [3 -13] . The length of the mitogenome of A. melete is shorter than any other sequenced complete lepidopteran mitogenomes, even including the other member of the same superfamily Papilionoidea, C. raphaelis. The A. melete mitogenome does not contain the 70-bp extra tRNASer (AGN) contained in the C. raphaelis mitogenome [13] . In addition, the length of intergenic spacer sequences and the A þ T-rich region in the A. melete mitogenome are shorter than in C. raphaelis [13] . Except for O. lunifer [11] , the A þ T content in N is A, T, or G) , with the only exception represented by the CGA start codon of cox1 gene. This non-canonical putative start codon is found also in O. furnacalis, A. honmai, B. mori, B. mandarina, M. sexta, and P. atrilineata [3, 4, [10] [11] [12] [13] . The unusual start codon for the cox1 gene is known in various arthropod mitogenomes. In the A. melete mitogenome, the cox1, cox2, and nad5 genes have incomplete stop codon, T. This phenomenon is common to a number of insect and even mammalian mitogenomes. In Gryllotalpa orientalis mitogenome, only 3 (ATPase8, ND4L, and ND1 genes) of the 13 PCGs have a complete termination codon, and the other 10 have incomplete termination codons [22] . Eight of 13 PCGs in the Pyrocoelia rufa mitogenome have incomplete termination codons [23] . The common interpretation of this phenomenon is that TAA termini are created via posttranscriptional polyadenylation [24] .
According to the description by Vila and Björklund [21] , the CR of the lepidopteran mitogenome is divided into nine sections. In the CR of A. melete mitogenome, there are three similar structures, including ON, the microsatellite (AT)n element, and the poly(A) upstream trnM gene, and no sequence homology to the other six sections. With the exception of some base mutations, the motif 'ATAGA' and a 19-bp poly(T) stretch are widely conserved in the mitogenomes of butterflies and other moths [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , which also can be found in the insect mitogenomes from other orders, such as Oxya chinensis (Orthoptera, Acridoidea) [25] .
There is a duplicated 36-bp repeat element in the A. melete mitogenome consisting of a 26-bp core sequence flanked by 10-bp perfectly inverted repeats. The same 36-bp element can be found in the CR of A. napi, but with only one copy [21] . In other sequenced butterfly and moth mitogenomes, the duplicated 36-bp repeat element of A. melete cannot be detected, and thus the duplicated 36-bp repeat element may be unique to A. melete. The presence of varying numbers of copies of tandem repeat elements has been reported to be one of the characteristics of the insect A þ T-rich region, but the repeat element is variable even in the same species [26] , e.g. the Japanese mandarina has a tandemly triplicated 126-bp repeat element in the CR region, whereas the Chinese mandarina and all four strains of B. mori have only one such element [27] . In A. pernyi, the A þ T-rich region harbors a repeat element of 38 bp tandemly repeated six times [6] , but A. roylei has five repeat elements in its A þ T-rich region [27] . 
